Abstract-The commercial viability of a marine renewable energy technology is impacted by a range of holistic factors related not only to the performance of the generating device, but also the characteristics of the system-of-systems within which the device operates. In this work, an investment risk assessment methodology is presented that takes account of a wide range of whole-system parameters, and provides a bridge between a device-centric evidence base and the wider systems-level data that is required in order to effectively assess the case for a specific investment. Within the paper, a system modeling framework is presented, and a case study assessment is conducted to illustrate the application of the proposed approach. The results indicate that by considering a proposed scheme in terms of both its efficacy as an operating system, along with specific lifecycle factors from concept to disposal, risks and costs can be identified in a systematic and justifiable manner. In addition, technical factors can be described in terms of their effects on the primary capability of the system, namely to produce electricity at an economically feasible cost whilst maximizing return on investment.
I. INTRODUCTION

D
UE diligence can be viewed as the process by which an investor assesses the risk involved in an investment. Where this risk is related to relatively unproven technology (such as for specific renewable energy systems), engineers have an increasing role to play in informing this assessment. Within the renewable energy industry, large investors (such as utility companies or venture capitalists) are more likely to invest in a relatively unknown quantity with a limited prototype-based track record, and for which claims are made regarding the potential of the device with further development.
A device developer's claims will often relate to technical parameters such as conversion efficiency, and survival thresholds. Based on experience within marine renewables, Watson et al. [1] demonstrate that a technology can only be assessed in terms of the degree to which it contributes to a "purposeful human activity system." For the purposes of this study it will be assumed that the primary aim of an investment is to develop a profitable generation asset.
What value can therefore be added by introduction of systems engineering principles to this due diligence activity? An integrated temporal and technical systems approach includes both a lifecycle or through-life perspective starting at requirements or concept generation (and progressing through to disposal) along with a technical perspective of the system, consisting not purely of a device, but also of a number of other subsystem elements required to support the device in its primary purpose. Therefore, the use of a systemic approach can lend confidence to the assessment and ultimately mitigate the risk that important aspects are overlooked that later develop into project-threatening issues.
To date there has been little research published on the assessment of individual renewable energy investment opportunities, although Vallen and Bullinger [2] recognize that a multidisciplinary approach is required to fully assess the risk inherent in specific renewable energy investment opportunities. A number of empirical studies have been conducted to formulate cost estimation models for wind energy schemes. However such empirical models are by definition retrospective, and the number of projects studied is small and often comprise prototype or demonstration projects [3] , [4] . As such, the degree to which these models can be robustly applied to future projects is uncertain. The use of a systems approach has also been applied to photovoltaic (PV) research and development projects [5] . This model uses a component-based approach to conduct detailed performance analysis of PV installations, and links this to a financial model which includes manufacturing, installation, operating, and maintenance costs along with parameters for energy produced and system cost [5] . However this work does not explicitly refer to risk.
Within this paper, an integrated methodology is presented, in which a Bayesian approach is utilized to conceptually assess both technical and nontechnical risks through the project lifecycle. A generating system model is then proposed, which is applied using a case study of a fictional tidal energy scheme using public domain information. Shortcomings in the approach will also be identified and critically evaluated.
II. METHODOLOGY AND MODEL BASIS
A. Bayesian Statistics
One factor in determining risk is the confidence with which a predicted parameter value can be stated. Bayes' Theorem is a conditional probability relationship that can be expressed using 1932-8184/$26.00 © 2011 IEEE (1) , and allows risk to be assessed based upon both the confidence in a prediction, and the comparison of that prediction with what may have been expected.
(1) where probability of event A; probability of event A given that event B has occurred.
Bayes' Theorem can be explained by considering a set of unobservable events; which partition the universe of possible outcomes. If the observable event occurs, the probability that has occurred given that has already occurred can be found, and from this the probability that has occurred given that has occurred can be found using (1) [6] . Hence, using a prior belief about the expected distribution of and then comparing it to the evidence, or likelihood, , a posterior distribution can be developed to describe .
Bayes' Theorem can therefore be used to assess the plausibility of a prediction based upon existing data from similar systems. For use in this model it is useful to take a Gaussian distribution for both and and combine these to form a probability distribution of the posterior mean as explained by Bolstad [6] , and summarised in (2). weight to be given to the prior distribution; weight to be given to the likelihood distribution.
The probability that a parameter is a given value (or more correctly is in a given range) is therefore the sum of all possible distributions in that range, weighted by the probability that the distribution exists. These distributions are defined by moving the mean according to the posterior distribution, and assuming a variance such as that of the prior distribution. This distribution construction is shown in Fig. 1 .
Alternatively, a frequentist approach could be employed utilizing experimental trial data to determine the confidence interval within which a claimed value lies, based on the distribution of trial results. However, use of a Bayesian approach also considers the plausibility of the predicted value, and allows an assessment to be made in the early stages of development when experimental data is scarce [7] . 
B. Technology Readiness Levels
Technology Readiness Levels (TRLs) are a graduated scale developed by NASA that uses specific criteria to define the maturity of technology [8] . The TRL construct uses a number of defined levels (generally 1 to 9) ranging from "Basic principles observed and reported" at TRL 1 through to "Actual Technology system qualified through successful mission operations" at TRL 9 [8] , and focuses on the maturity of a technology in the target context. For example, whilst a marine energy converter may use commercial components, these may have a lower maturity level if they have not been used in the marine environment before. Although by their nature TRLs are subjective to some degree, the declaration of a level should be supported by sufficient evidence, particularly in the sphere of due diligence where any claims made must be fully justified. This could be achieved through a Claims-Arguments-Evidence methodology as described by Watson et al. [1] .
At TRL 9, there is assumed to be very little apparent technical risk in the project as the technology has been assumed to be "mission proven." Conversely, at TRL 1 the technology is considered to be still in the realm of scientific investigation, and there is no guarantee that the principles observed can be developed into a feasible system. TRLs can therefore be used to imply a risk distribution around the predicted cost of a scheme as discussed by Moorhouse [9] .
C. Decommissioning
In many cases, a condition of development permission is that any proposal must be accompanied by a decommissioning plan, supported by some security to ensure that it will be carried through [10] . Decommissioning, and the risk involved, is therefore a factor that must be considered when assessing a proposed generation scheme. In the context of marine energy developments, decommissioning is assumed to include the removal of all elements above the seabed, or those which are likely to become uncovered, with foundations and deep buried cables left in situ [11] , [12] . Based upon these assumptions, the cost of decommissioning an offshore wind turbine is estimated at around 118 000 per turbine ( 194 000 nominal 1 ) [12] .
III. MARINE RENEWABLE ENERGY GENERATING SYSTEM MODEL
The aim of the proposed approach is to quantify both the projected cost of energy generation for a system and the risk involved. Subsequently, various financial measures for use in investment appraisal can be derived, such as the Internal Rate of Return (IRR) or Net Present Value (NPV), and the required breakeven market price of electricity sold expressed in terms of the Levelised Energy Cost (LEC) [13] .
Consistent with the Central Limit Theorem [14] , it is assumed that all parameters within the model (and hence the results) can be represented using a Gaussian probability distribution, where the expected value is the mean, and the variance is a measure of uncertainty. Hence, a shift in the mean represents a change in expected cost, whereas a change in shape represents a change in the uncertainty. This approach facilitates the propagation of Gaussian errors through standard mathematical operators and ultimately gives the probability that a scheme will be profitable, given a set of economic conditions.
A. System Lifecycle
As recognized in ISO/IEC BS15288 [15] any system progresses through a lifecycle starting with a concept, and progresses through a service life to eventual disposal. Whilst the revenue from a generation system appears during the service life, costs are incurred from inception to the completion of the disposal process, or further if a continuing liability exists. To use a simplified model, the system can be considered to proceed through four stages as shown in Fig. 2 . To move between these stages, a number of supporting systems are required to conduct the transformation processes.
In the artefact (or operational) state, the system can be assessed objectively in terms of its capital expenditure (CAPEX), its Operation and Maintenance (O&M) costs, and its performance or yield, each of which may have associated uncertainties. Each of the transformation processes also possesses associated costs and risks. Costs are related to executing the process, and risks are related to the probability that the process (or its results) does not proceed as expected. The predicted CAPEX and process costs can be adjusted to take account of this risk and allow for contingency as described later within this section.
B. System Model
In order to assess the system in its artefact state, it is necessary to define the boundaries of the system. The generation system is part of a larger Energy Supply Industry (ESI), and in the U.K. this operates according to the requirements of the British Electricity Transmission and Trading Arrangements (BETTA) [16] .
BETTA can be considered using a scenario, as represented by the activity diagram in Fig. 3 , which shows the activities necessary to facilitate an increase in electricity demand from a user. The user buys a quantity of electricity from a supplier, who in turn procures, ahead of time, the required energy from a generator, either directly or via an energy market. When the electricity is demanded (message 6.1), this is despatched by the generator via the transmission/distribution network. The role of the balancing subsystem is to ensure that the electricity supplied to the network matches demand, and to request balancing alterations as required.
It can be seen that the generating subsystem must deliver electrical power to the grid, sell electricity, and coordinate output with the balancing authority. Using a Data Flow Diagram, shown in Fig. 4 , this functionality can be decomposed into both transformation processes and system elements. Fig. 4 also illustrates the need for energy conversion and power conditioning subsystems to convert the generated power to the required grid standard. Furthermore, a control system is required (potentially including both control equipment and human operators to make commercial decisions), along with a means by which the present and future resources are measured. Sub-systems by which communication with other ESI entities is facilitated and financial value is the transferred are also needed. The allocation of these functions is defined in Table I .
If a requirement exists to perform these functions over a given service life, then a maintenance provision is required and thus the system model shown in Fig. 5 can be derived. This shows that the generation device extracts energy from its immediate external environment which it converts into electrical energy. This energy is then conditioned to grid standard and delivered to the transmission network input point via the grid connection. The control system supports this primary activity by ensuring that the generation device is suitably configured to use the resource effectively and coordinates generation with the rest of the ESI, whilst the maintenance system ensures that the system continues to operate effectively throughout its operational life.
This model specifies a number of functions that must be fulfilled, and hence provokes consideration of how each will be met. In addition, the interrelations between elements allow the coupling between components to be assessed. A decision to deploy a particular generating device may mandate the control and support elements required, which in turn places constraints on the offshore estate that can be used. Defining the solution to these requirements allows further requirements to be propagated outwards through the system to ensure coherency. In addition, this propagation allows for options appraisal at each stage, and thus the consequence of each issue to be assessed. For example, if a device could be economically installed at a number of different sites, then the consequence for a scheme of the proposed site becoming unavailable would be reduced.
C. System Parameters
A number of system level parameters can be defined for the generating system, and calculated from system element attributes as described in Table II . These parameters can then be used to evaluate the cost of energy generated by the system.
D. Parameter Probability Distributions
The confidence in each of the parameters described in Table II can be expressed by representing its value as a probability distribution. This can be derived from declared parameters via the use of a normal distribution constructed from the mean and variance from a known data set, or from an estimate with a confidence level and error bound. A confidence distribution can also be calculated by comparing the parameter to those of similar established systems using Bayes Theorem as described in Section II-A. Hence, when these factors are combined to produce a LEC (as described in later in this section) the factors can TABLE II  GENERATING SYSTEM PARAMETERS   TABLE III  ENDURING DESIGN RISK CONSEQUENCE COST ESCALATORS be combined as Gaussian distributions, and the uncertainty in the inputs reflected in the final results.
E. Design Transitional Process
Using the system model defined in this paper, it can be seen that not all elements will be defined using data provided by the system developer. For example, the offshore estate existed before the system, and will continue to exist after the system has been dismantled, and so can be defined as an enduring element. Conversely, the device must be provided for the sole use of the system, and will be disposed of at the end of the service life, so is a nonenduring element. Risk exists in the design transition for both enduring and nonenduring elements, but must be assessed differently.
1) Enduring Design Risk:
A key risk associated with enduring elements is that an assumption that a resource will be available is later proved to be untrue. For example, this could relate to uncertainty in obtaining development consent for a particular offshore site. As discussed earlier in this section, this risk can be expressed in terms of a contingency on the capital cost, given by the product of probability that the resource will not be available, and the consequential cost if this is the case. This product gives an overall design risk escalator with which to re-evaluate the system capital cost.
Ideally, these assessments would be made based on engineering judgement, but in the early stages of a project, accurate estimate may not be possible. A two-axis subjective scale is therefore proposed, as shown in Table III and Table IV , to enable an initial assessment to be made, and risks to be classified in terms of their severity.
2) Nonenduring Design Risk:
Nonenduring design risks include uncertainties relating to both technical and organizational aspects that could lead to cost and time overruns for specific elements.
a) Technical Risk: The use of a system model encourages the identification of technical risk in the system by identifying the solution to each element. Each element solution can then be assessed in terms of its technology maturity (using TRLs), and the capital cost escalated accordingly.
b) Provider Risk: Each nonenduring element must be designed and delivered by given provider(s), whose ability to deliver will depend on both specific organizational processes in place and the skill sets present within the company. Organizational processes can be assessed using methodologies such as the Software Process Improvement and Capability dEtermination (SPICE) defined in BS ISO/IEC 15504 [17] . SPICE defines a process assessment framework for comparison with a standard (such as BS ISO/IEC 15288 [15] ) and specifies required target capabilities. A risk profile is then deduced based on both the size and nature of any shortfall. This risk profile ultimately reduces to an assessment of process risk for a given organization on a comparative None, Low, Medium, or High scale, which can then be mapped to an escalation factor on the capital cost of the element in question.
For novel renewable energy schemes, intrinsic investment risk related to the ability of the developer to carry the project through to a commercial conclusion can be significant. This is partly a result of the nature of the industry whereby research and development is often conducted by small companies or academic spinoffs, potentially lacking the expertise and experience to deploy systems in an operational environment. The risk due to suboptimal skill set availability is widely recognized [15] , and while skills required for renewable energy projects have been categorized by project stage [18] it is problematic to empirically assess the cost implications of these risks. Thus, for the purposes of this work, these risks are identified but excluded from cost calculations until such time as justifiable cost escalation factors can be determined.
3) Cost Escalation: The identification of specific risk within the design transition may result in an increase in the overall expected cost, but should not necessarily increase the uncertainty as a proportion of the expected value. The expected cost of a risk is given by the product of the probability of occurrence and the consequential cost. Hence, by using the expected cost of a risk, the contingency added should equal the costs incurred, providing this is applied across enough risks. This means that the cost escalations applied should increase the expected value of a parameter, but not the uncertainty in it which is represented as the variance.
F. Installation Transitional Process
The installation process (in which a frozen design is transformed to an operational system), includes both construction and on-site installation of system elements. In terms of the Technical Processes defined in BS ISO/IEC 15288 [15] , this covers implementation through to, and including, transition. Whilst risks due to element design and the capability of providers may be realized during this stage, these risks may originate during the design phase so have been captured in the previous section. The focus of the installation analysis is therefore upon the technical process of build, installation and commissioning.
Marine energy systems experience particular technical challenges in installation due to the harsh operating environment [22] . The risks associated with these technical challenges can by assessed in terms of the technical maturity of the methods used. In a similar way to the use of TRLs to quantify design risk and escalate capital cost, the TRL of the installation method used for each nonenduring element can be assessed, and the installation cost escalated accordingly to account for this technical risk.
G. Disposal Transitional Process
In the disposal process, the sites occupied by the installed systems are returned to their original state (or as close as reasonably practicable). This process and its risk profile is similar in many ways to that of the installation process, and could be analyzed in a similar manner. In reality, however, assessing the disposal process technical maturity is not possible up to 25 years hence, so disposal costs can only be included as fixed-point estimates. Furthermore, where some elements are left in situ, decisions made at the start of the project may also result in a residual ongoing liability after the disposal process is complete. This would constitute an additional cost, or contingency, that must be included in the overall disposal cost estimate.
H. Calculation of Output Parameters
The overall cost of the energy produced can be expressed in terms of the Levelised Energy Cost (LEC). LEC is the ratio of the sum of all through life costs to the total expected energy generated with the costs incurred and energy generated expressed in terms of their Net Present Value (NPV) [13] . LEC therefore represents the break-even price of energy for given scheme, assuming a particular discount rate to recognize the time preference in return on investment [23] . By representing both the through-life costs and energy generated in terms of probabilistic distributions, and escalating the costs to take account of the design, technical and organizational risks associated with the suppliers and resources used, the LEC calculated will also be a probabilistic distribution. The LEC distribution therefore represents the expected cost of energy, given the risk involved, and the uncertainty in the prediction.
I. Risk Identification and Ranking
The generating system model can be seen to identify three types of risk.
• Risk that a system element (and as such the system) does not perform as expected.
• Risk that a system element provider does not deliver as expected.
• Risk that the system is not installed or disposed of as expected. As such, the effect of the risk intrinsic in each element and provider can be assessed in terms of the effect it has on the overall cost of energy. Using a method similar to Birnbaum's Criticality measure used in Reliability Engineering [24] , the TABLE V TIDAL STREAM SYSTEM ELEMENTS criticality of particular risk factors can be determined by partially differentiating the overall energy cost. These criticality measures can then be used to rank risks in terms of effect they have on the overall cost, and thus help target efforts to improve the risk profile.
IV. EXEMPLAR ASSESSMENT
A. Introduction
To illustrate the model and methodology developed in this work, analysis of a fictional precommercial array of ten 500 MW tidal stream devices in Shetland's Yell Sound has been carried out. Although fictional, the analysis is based upon the actual proposed development of a subsequently cancelled tidal stream project, and uses public-domain information published by the UK's Department for Business Innovation and Skills (BIS)) 2 [20] , [25] .
B. Mapping to the Generating System Model
To gain an understanding of the generation system, its parameters must first be mapped onto the generating system model described previously and shown in Table V . This enables a number of key risks that impact upon capital and operational costs to be identified, and technology readiness levels (TRLs) to be assessed. It is evident that most elements of the generic model can be included. However, a notable exception is that of the impact of personnel issues; in particular, the O&M expertise in this novel technology is held solely by the developer, and during operation, there may be lack of local expertise on which to draw. Furthermore, the bespoke nature of the device and uncertainties relating to its extended supply chain mean that component lead times may be extensive, increasing Logistic Delay Time and reducing operational availability.
The TRL for each system element can be determined through comparison of the element with a set of standard definitions such as those used by the Ministry of Defence (MOD) [8] . Due to the level of information in the public domain, each nonenduring element has been assessed as an integrated unit, although ideally the more significant system elements (such as the generating device itself) would be further decomposed into subsystems. Using this methodology, the overall TRL for the tidal stream system has been assessed as TRL6. This assessment is based upon the nature of the generating device, which is the least mature element due to both its state of development, and the scale of the proposed changes between the tested prototype (150 MW) and the proposed device for deployment (500 MW).
Whole system parameters used to determine the overall costs have been extracted from published reports [20] , and are shown in Table VI . Declared capital, installation and disposal cost parameters [20] are expressed with a confidence on a Low-Medium-High scale. This has been interpreted as a 10%, 50%, or 90% confidence of the true value falling within 2 Previously known as the Department for Trade and Industry (DTI) and The Department for Business, Enterprise and Regulatory Reform (BERR).
% of that declared. Using Bayes' Theorem (1), the O&M costs have been determined by comparing predicted figures for the tidal stream device [20] with data from the UK Round 1 offshore wind farm development programme [26] - [30] . The generating system capacity factor has been determined by comparing mathematical modeling results obtained by the device developer with prototype test results, whilst allowing for an expected improvement factor [20] .
C. Design Process 1) Enduring Elements:
The data available to assess risks associated with enduring elements is limited, however an initial assessment can be made using the consequence levels described in Table III and the probability levels given in Table IV . It is judged that the offshore estate has a confidence of Level 3 (80%) as planning permission was granted for the prototype, but the proposed scheme is much larger and more permanent. The consequence is assessed as Level 2 (50% cost increase) as the device has been designed with Yell Sound as the target environment. The other enduring elements can be assessed in a similar way, and the overall system enduring risk can be calculated as the product of the cost escalators, which is then used to escalate the system capital cost.
2) Nonenduring Elements: Nonenduring elements are assessed in conjunction with an analysis of the organizations responsible for providing them. In this case it is not possible to make a justified assessment of the organizations involved based on public domain data, but if this was available, a risk level could be obtained for each supplier, which can then be mapped to a cost escalator as described in Section III-E2. A weighted average of the cost escalators can then be derived based on the relative capital costs of the elements provided by each supplier. This escalator is then applied to the aggregated system capital cost.
D. Installation Phase
The maturity of the proposed installation method for nonenduring elements has been assessed as TRL6 as the sole novel aspect of the proposed installation method is lowering the device to the seabed from a barge [22] . This has been demonstrated previously to be effective, albeit at a much smaller scale [20] . Based upon this assessment, the installation cost can be escalated to take account of the additional risk arising from the relative immaturity of specific installation methods. 
E. Disposal Phase
The disposal process is assumed to follow that proposed elsewhere in the renewable energy sector [11] , [32] , in that the devices will be recovered from the seabed, and returned to land for decommissioning, whilst cabling will remain in situ on the sea bed, with cable terminals suitably buried. There are no significant structures onshore, so onshore decommissioning should pose negligible technical challenges. Surveys have shown that the tidal stream device has no long-term effect on the seabed [20] , so the sole remaining liability is likely to be related to residual cabling. In costing the decommissioning program, it is not clear if the costs of this continuing liability have been considered. However, in the context of the programme as a whole, these liabilities are assumed to be small enough to pose a negligible risk, with no cost escalation being necessary.
F. Results
Using data arising from the foregoing analysis, the overall cost of electricity can be calculated as summarised in Section III-H, and the LEC (Cost/MWh) is illustrated in Fig. 6 . As risks have been included as contingency, the standard deviation given is common to both the risk-adjusted and nonrisk-adjusted cost distributions. Nominally, using a recent value for UK renewable energy credits (known as Renewable Obligation Certificates or ROCs) of 52.95 [33] , and assuming the Scottish Government proposed banding for this technology of 3 ROCs per MWh produced [34] , the effective commercial cost becomes around 55.80/MWh. However, if a rate of return of 5% is required, the break-even price becomes 154.22 which is well above the wholesale price range within the current UK electricity market.
V. FURTHER RESEARCH
The model proposed within this paper is intended as a framework to guide a due diligence assessment, applying the principles of Systems Engineering to ensure a full-system viewpoint is taken.
The current model demonstration relies upon heuristic cost escalation factors which in practice require verification using actual project data (potentially from similar sectors such as offshore wind) to lend validity to the results obtained. A key issue to highlight here is the uncertainty (and risk) relating to assessment of the level of skills possessed by providers (in particular device developers), and the degree to which these are appropriate to the task at hand. Whilst the approach presented here provides a useful and practical due diligence framework, further work is required to validate this approach for specific applications.
VI. CONCLUSION
The aim of a due diligence activity is to quantify the risk involved in a specific investment. In the case of a renewable energy scheme, this must include an assessment of the ability of the proposed system to deliver the required capability, based upon what is known about the technology to be used and the organizations delivering it.
A means of performing this assessment has been proposed, employing systems engineering methodologies to take a systematic view of a proposed scheme to be taken, encompassing the entire system, including its supporting systems through all stages of development. The inclusion of probabilistic parameters derived using Bayesian methods allows this whole system viewpoint to be reflected in a final LEC which provides both a justifiable estimate and a measure of uncertainty propagated from the input parameters. In this way, the model allows technical issues to be expressed in terms of their effect on the capability of the system, that is, to produce electricity at an economically feasible cost.
Although simple, the exemplar assessment demonstrates how the method may be used to combine the data available for a real system to conduct an assessment, and show how the various risks involved can be incorporated into the final result.
In the current market, however, the financial feasibility may be secondary to other strategic interests and positioning. As the market develops towards commercial scale deployment, this model will become more relevant in attempting to predict which schemes have commercial potential and which are likely to fail to deliver their early promise.
